Abstract-The temperature dependence of the quality factor Q of microelectromechanical system (MEMS) resonators is analyzed and measured. For silicon MEMS resonators, there are several energy loss mechanisms that determine the quality factor. These include air-damping, thermoelastic dissipation, and anchor and surface losses. For resonators operating at a low pressure in hermetic wafer-scale encapsulation, the effect of each energy loss mechanism is discussed. The temperature dependence of each mechanism and their contribution to the total quality factor is investigated. MEMS resonators can be designed to have either strong or weak dependence of Q on temperature, which is if the effects of the temperature on the dominant loss mechanisms are well understood. The sensitivity of up to 1% changes in quality factor per degree Celsius change of temperature was demonstrated by experiment. By using Q as the thermometer for temperature compensation, a preliminary experiment demonstrated less than 4-ppm resonant frequency variation over the 0
M
ICROELECTROMECHANICAL system (MEMS) resonators have been widely studied due to the potential for replacement of quartz resonators in electronic systems [1] , [2] . Although many aspects of performance have been investigated, such as temperature stability [3] - [6] , long-term stability [7] , [8] , and nonlinearity [9] , management, the control and utilization of the quality factor has remained an area for future work.
The quality factor is one of the most important features in MEMS resonators. To be used as oscillators or synchronizing clocks in transceivers, a high quality factor (Q > 10 000) should be achieved for reliable operation. Thus, various possible energy loss mechanisms that can reduce the quality factor in MEMS resonators have been studied [10] - [26] .
However, the temperature dependence of the quality factor has been often neglected in spite of its importance for practical applications. This is important because the operating temperature of resonators in real applications can vary over a wide range. For example, in the case of using a local heater to achieve temperature control, operating temperatures that are much higher than room temperature (∼125
• C) have been suggested [4] . Therefore, it is important to confirm that suitably high quality factors will be available at elevated temperatures. In addition, if the quality factor has strong dependence on the temperature, the quality factor itself can be used as a direct measure of the resonator temperature. This will provide a direct and delayless measurement which should be an excellent sensor for closed-loop temperature control.
II. ENERGY LOSS MECHANISMS IN MEMS RESONATORS
In resonators, the quality factor is defined as the energy stored in the system divided by the energy dissipated per radian of vibration cycle; in other words, the lower the energy loss, the higher the quality factor becomes Q = 2π · W stored in the system W dissipated per cycle .
As part of ongoing efforts to achieve high quality factors, various mechanisms that may yield the energy loss of MEMS resonators have been analyzed and demonstrated. Each of those mechanisms can individually contribute quality factor according to the following equation:
However, because of the way individual mechanisms contribute to the total loss, the quality factor is usually dominated by a single mechanism over a range of parameters, such as geometry and temperature. Here, air-damping, thermoelastic dissipation (TED), and anchor and surface losses will be covered, which are the most well-known energy loss mechanisms in silicon-based MEMS resonators. Thus, the total quality factor due to contributions from these sources becomes 
A. Air Damping
Air damping is a well-known energy loss mechanism for microscale structures. As early as the 1960s, researchers analyzed air damping in microscale resonating cantilever [10] , [11] . In relatively high pressure or near atmosphere, where air behaves in continuum, viscous damping (or Couette flow damping) between the moving structure and substrate is often dominant [27] , [28] . However, in this continuum regime, energy dissipation is usually too high for most applications. Therefore, most MEMS resonators operate in a much lower pressure regime, where air molecules behave instead as kinetic particles. In this low pressure regime, energy loss occurs due to collisions with kinetic gas particles while resonant structures are moving or deforming. This energy loss should be proportional to the number density and mean velocity of air molecules
Several more complicated models for air damping have also been developed, such as the inclusion of collision effects against the facing wall [12], [13] or torsion mode vibrations [14] . None of the models perfectly match with the absolute values of the experimental results; however, the important trend is that the quality factor due to air damping is proportional to the square root of the temperature and inversely proportional to the operating pressure. Thus, the observed air damping can usually fit to (4), with a constant C involving the surface area that is normal to the direction of the motion, the mode shape of the resonating structures, wall collision effects, etc.,
B. TED
The next energy loss mechanism discussed here is TED. When the resonator structure is deformed, a strain gradient is produced, and this leads to a temperature gradient. This induced temperature gradient yields heat flow, and energy is therefore dissipated due to an increase in entropy. If any of the time constants of thermal transport is close to the deflection period of the beam, the energy loss is maximized, resulting in a low quality factor. This phenomenon was first analyzed by Zener [15] , in the 1930s, for the rectangular cross-sectional beam-type geometry
where f M is the mechanical resonant frequency and f T is the thermal frequency, which is the inverse expression of the thermal decay time of the heat flow across the flexing beam. As shown in the aforementioned equation, energy loss due to TED is determined by the relative magnitude of two frequency values, which are the mechanical resonant and the thermal frequencies. As mechanical relaxation time gets closer to the thermal relaxation time, this thermomechanical coupling increases; therefore, this results in more energy losses.
Recently, extensive research on TED has been performed by many research groups in order to extend Zener's model to more complex geometries [16] - [18] . However, in these cases, the simple Zener's description expressed in (5) does not hold, and more general methods, which include multiple thermal and mechanical modes, are required. For such analysis, numerical simulation tools are required to estimate the exact energy loss [19] . However, for simplicity, in this paper, we will rely on the Zener model for TED to provide a descriptive analysis of the effects. It is certainly recommended that any detailed design be carried out with the support of the more accurate numerical models.
C. Anchor Losses
Anchor loss or support damping is another energy loss mechanism that is often mentioned in MEMS resonators. While the resonator structure vibrates, the harmonic load excites elastic waves propagating in the structure, which anchors the resonator to its surroundings, and part of the vibration energy can be dissipated through this elastic wave propagation into the supporting media. Recently, several research groups have reported detailed investigation of this phenomenon [20] - [23] ; however, a comprehensive predictive model is yet to be developed. Some preliminary experiments have shown that by placing anchors at nodal points, anchor loss can be minimized; thus, designing resonators to have a symmetric mode shape and placing anchor points at the nodes can reduce the anchor loss [24] .
D. Surface Losses
Surface loss is another known energy loss mechanism in microscale resonators [25] , [26] , [29] - [31] . As resonators are miniaturized, the surface to volume ratio increases, and the effect of the surfaces becomes significant. Resonator surfaces may have impurities, lattice defects, absorbates, or other imperfections which serve to dissipate energy. Several researchers have reported quality factor drops as micromechanical structures are miniaturized. Although quantitative models for this loss mechanism have just recently been developed [30] , it has been experimentally demonstrated that surface treatments, such as annealing, can minimize these surface imperfections so that quality factor dramatically increases [29] , [31] . Fig. 1 shows a schematic drawing of the MEMS resonators in this paper. The beams are electrostatically actuated, and the displacement is measured as the capacitance changes. These resonators are fabricated in the hermetic low-pressure "episeal" encapsulation process [32] , which will be described in detail later in this paper. All energy loss mechanisms discussed earlier can contribute to decide the total quality factor of the MEMS resonators.
E. MEMS Resonators Used in This Paper
Among the damping mechanisms, air damping can dominate. The pressure in the encapsulation cavity is estimated to be ∼1 Pa [33] , where kinetic theory should hold for the beam sizes and gap widths in this paper. Considering that air damping is the only pressure-dependent energy loss among the listed factors, experimental measurements of quality factor as a function of pressure can determine the role of this effect, and Q air can be easily estimated.
TED can be also a significant energy loss mechanism for these resonators. The resonators studied here are simple beamshaped structures with rectangular cross section. Zener's models for TED are accurate to within 30% for this simple beam geometry and these material parameters [34] . Thus, Q TED can be estimated by either numerical simulation or the simpler Zener model in this paper.
As shown in Fig. 1 , the resonators have two tuning fork beams flexed in symmetry and anchored at their nodal points to minimize anchor loss. Moreover, the resonators are encapsulated in very clean and high temperature (∼1000
• C) encapsulation environment. An important result of this high temperature encapsulation step in the fabrication process is the annealing of the devices, which eliminates surface contaminations from native oxides, organic molecules, and absorbed waters as described in [29] and [31] ; thus, the energy loss due to the surface effects is minimized and should not play an important role in this paper.
III. TEMPERATURE DEPENDENCE OF QUALITY FACTOR
The importance of the temperature dependence of the quality factor is briefly mentioned in Section I. For better understanding, a new coefficient called the temperature coefficient of quality factor (TCQ) is introduced, which indicates the magnitude of the temperature dependence of the quality factor
Concept schematic for total quality factor with its temperature dependence. The example case of TCQ for TED is used, which is 3.5. If TED is the dominant energy loss, TCQ will approach to 3.5, whereas if air damping is dominant, TCQ will be closer to 0.5. In the transient region, TCQ varies between 0.5 and 3.5.
This TCQ coefficient is defined as the exponential in (6.a). Larger values of TCQ indicate the higher rate of change of Q with the temperature. The rate of quality factor changes with respect to a given temperature can be expressed as
As shown earlier, the total quality factor is primarily determined by the smallest value among each contribution to the quality factor. This is also the case for the temperature dependence of the quality factor; the temperature dependence of the total quality factor is primarily determined by the temperature dependence of the dominant energy loss mechanism (smallest quality factor). Fig. 2 shows this phenomenon for a simple example case when two energy loss mechanisms contribute to the total quality factor. In this case, at a lower temperature, TED is the dominant energy loss, and the temperature dependence of the total quality factor corresponds to that of the thermoelastic dissipation contribution (TCQ ∼ 3.5). On the other hand, at a higher temperature, the energy dissipation is dominated by air damping, and the temperature dependence of the total quality factor approaches that expected for air damping (TCQ ∼ 0.5). In the intermediate temperature range, the temperature dependence of the total quality factor lies somewhere between those two values because of the contribution of both effects. Therefore, to estimate the temperature dependence of the total quality factor, both the temperature dependence of each mechanism and the weight of each mechanism to the total quality factor at a given condition have to be evaluated at the same time.
In this paper, we will focus on air damping and TED, which are the dominant energy loss mechanisms for the resonators used.
A. Temperature Dependence of Air Damping
Again, the resonator operating environment in our vacuum encapsulation is a relatively low pressure; thus, the kinetic theory will hold, and thus, (4) holds. As (7) suggests, at a given pressure P , Q air (quality factor for air damping) is proportional to the square root of the absolute temperature T . However, once the resonators are encapsulated, the pressure is no longer a constant value with varying temperature. If the encapsulation is sufficiently hermetic so that the number of molecules in the cavity is constant, then the pressure becomes proportional to the temperature. Assuming an ideal gas, which is a good assumption for the "epi-seal" encapsulated cavity because the only gas species is hydrogen [32] , Q air becomes
Therefore, it suggests that TCQ air is 0.5 for encapsulated resonators in the pressure-limited regime.
B. Temperature Dependence of TED
As discussed in the previous chapter, TED is another important energy loss mechanism for the resonators in this paper. At first glance, (5) for Q TED (quality factor for TED) may suggest that TCQ TED = 1. However, the material properties of silicon change extremely rapidly throughout the normal operation temperature range (250 K-350 K) [35] - [38] . For example, at 250 K, the thermal expansion coefficient of silicon is less than 70% of the value at 350 K. These rapid material property changes lead to a complicated situation for the temperature dependence of the quality factor for TED-dominated resonators. Fig. 3 shows the variation in silicon material parameters over the temperature range of a normal operation. Thermal conductivity was empirically acquired in [35] , and specific heat was estimated by using a Debye model described in [39] . The thermal expansion coefficient of silicon is from measurements reported in the literature [37] . With the consideration of these variations, the temperature dependence of Q TED should be carefully investigated. As mentioned earlier, for a simple rectangular cross-sectional beam-type flexing resonators, Q TED can be estimated by the Zener model with a good accuracy. Equation (4) can be, divided into the following two parts: one is called the frequency term Q TED,freq and the other is the material term Q TED,mat , with the total Q TED being simply the product of these two
Assuming that each component of Q TED , i.e., Q TED,freq and Q TED,mat , has an exponential relationship, as in (6.a), the total TCQ can be defined as the sum of the TCQ for each component
First, as can be seen in (8.a), Q TED,mat is independent of the dimension of the resonators and is dependent only on material parameters; thus, this term has a universal trend. Q TED,mat rapidly decreases as the temperature increases, as shown in Fig. 4 . Q TED,mat and TCQ TED,mat are approximately given in (8.c) from the curve fitting of Fig. 4 , which is if the temperature dependence of the thermal conductivity and the specific heat are estimated as in Fig. 3 . Although this approximation cannot provide the exact values, the scaling with the temperature is approximately correct, and this will lead to the correct temperature coefficients as they are defined in this paper
TCQ TED,mat = 2.36.
However, Q TED,freq has to be analyzed more carefully. Q TED,freq consists of two frequency terms, which are the 
where A is the area of the cross section, I is the second moment of the inertia, L is the length of the beam, h is the width of the beam, and β is the mode constant, which is ∼4.73 for the clamped-clamped beam case. From (8.a), which is at a given mechanical resonant frequency, Q TED,freq decreases as the thermal mode frequency f T approaches closer to the mechanical mode frequency f M . The beam width h is design dependent; however, all the other parameters of f T are material values and are independent of the design. Interestingly, the material parameters always cause f T to decrease as temperature increases at the normal operating temperature as shown in Fig. 5 . Therefore, whether Q TED,freq increases or decreases with the increasing temperature depends on whether f T is larger or smaller than f M at the original temperature. If f T is larger than f M , Q TED,freq will decrease with the increasing temperature (TCQ TED,freq > 0) because f T approaches f M . When f T = f M , Q TED,freq is at a minimum. Conversely, Q TED,freq increases with increasing temperature (TCQ TED,freq < 0) when f M is larger than f T . Here, we neglected the f M changes which are typically only about −30 ppm/
• C, which is a lot smaller than the f M changes expected. Fig. 6 shows the effect of increased temperature for Q TED , which is the product of Q TED,freq and Q TED,mat , for a pair of example cases. The points a0 and b0 represent two different Fig. 6 . Example plot of how the quality factor changes as temperature increases. The points a0 and b0 represent two different resonator designs which have Q ∼11 000 and f M = 2 MHz at room temperature (27 • C). If the temperature increases, which is because of the thermal mode frequency, f T is reduced (shifts left), and the quality factor will become a1 and b1, respectively. However, an increase in the temperature will also yield a shift in the Q TED curve itself. Finally, the status of two designs will become a2 and b2, respectively, with different quality factors at elevated temperature.
tuning fork resonator designs which have different combinations of length and width to have f M = 2 MHz and Q ∼11 000 at room temperature (27 • C). One of these resonators has the thermal mode frequency that is above the mechanical mode frequency, and the other has the thermal mode frequency below the mechanical mode frequency. If the temperature increases somewhat, the thermal mode frequency f T shifts to lower values (to the left in this figure) , and the quality factors will become a1 and b1, respectively. However, the increase in temperature will also yield a shift in the Q downward as Q TED,mat decreases as 1/T 2.36 . Finally, the Q of these two designs will become a2 and b2, respectively, showing significantly different quality factors as the temperature increases-even the sign of the TCQ is different for these two cases. As shown here, even two similar simple resonator designs with the same mechanical resonant frequency and the same Q TED at a given temperature may yield very different temperature dependences of Q TED . In order to design resonators in the TED-limited regime with specific TCQ, great care must be taken to consider all the contributing effects.
IV. EXPERIMENTS

A. Design
Several tuning-fork-type MEMS resonators with various dimensions were designed. All devices were fabricated in a 20-µm silicon layer on top of a silicon on insulator (SOI) wafer by the "epi-seal" fabrication process described later and in prior publications [32] . The dimensions and shapes are summarized in Fig. 1 and Table I . As discussed earlier, all designs were anchored at nodal points to minimize the anchor loss. To investigate the effect of stress due to the differential thermal expansion of the resonator structure and the surrounding package, two kinds of resonators with the same geometry, but with only different anchoring, were included (i.e., one was anchored on one side, and the other was anchored on both ends of the resonator beam, Designs 1a and 1b).
B. Fabrication Process
Devices were fabricated on a 20-µm-thick low resistivity n-type silicon device layer (0.2 ∼ 0.7 Ω · cm) on top of 2-µm buried oxide of SOI wafer using deep reactive ion etch. On top of that, 2-µm-thick silicon dioxide was deposited as a sacrificial layer, which is followed by another 2 µm of epitaxial polycrystalline silicon. Vent holes were patterned in the thin silicon layer, and the sacrificial oxide was etched through these holes using vapor HF. In an epitaxial reactor, another 25-µm-thick polycrystalline silicon was deposited to seal those vent holes. This final seal occurs in an ultraclean and extremely high temperature (∼1000
• C) process chamber. During this final seal, native oxides and all organic contaminants are removed [7] , [33] . To smoothen the rough topology of the top surfaces of the wafers, chemical mechanical polishing is applied, and electric via posts and bond pads were etched. Finally, wafers were treated in a pure nitrogen atmosphere at 400
• C in order to allow the residual hydrogen gas to diffuse out of the encapsulated cavity, creating a low-pressure environment inside [32] , [40] . Fig. 7 is a cross-sectional SEM image of the encapsulated MEMS resonators.
C. Quality Factor Characterization
Model-based predictions and measurements of the temperature dependence of the quality factor in an assortment of resonators is presented. The total quality factor and components of quality factor at room temperature for these various designs are summarized in Table II . Considering that air damping is the only energy loss mechanism that depends on pressure, by performing quality factor measurements as a function of pressure with vented resonators of identical design in a vacuum chamber, the Q air values are established for these resonators (see Fig. 8 ). Separately, the Zener model was used for calculating Q TED and TCQ TED for each design. At the pressure inside the encapsulation (∼1 Pa at room temperature), Designs 1 and 3 are clearly operating in the TED limit, whereas Design 4 is operating in the air-damping limit. For Design 2, both mechanisms seem to contribute to the total quality factor. Model-based estimates of the Q TED and TCQ TED are also given in Table II for all of these resonators.
Considering that there was no observable difference in the measured quality factor between the two types of anchors of Designs 1a and 1b, neither anchor loss nor applied stress is not thought to be a dominant energy loss mechanism in these tuning fork resonators.
As shown in the table, quality factor values have been accurately predicted by TED and air-damping models; therefore, we do not believe that other loss mechanisms are contributing significantly to the total quality factor of the resonators in this paper. 
D. Quality Factor Temperature Sweep Measurement
To experimentally evaluate the temperature dependence of the quality factor, over 20 temperature cycles from −20
• C to 80
• C of 15 resonators were performed within a Thermotron S1.2 temperature chamber. The quality factors and resonant frequencies of each resonator were measured by Agilent 4395A network analyzer every 10
• C. Measured quality factors for each resonator over the temperature ranges are shown in Fig. 9 . First, both single-and double-anchored resonators showed very similar TCQ. Considering that both double-and single-anchored resonators showed almost the same TCQ, we believe that either the anchor loss is not temperature dependent or that the effect is not dominant compared with other loss mechanisms. Table III shows the measured TCQ values of each resonator. We see that Designs 1 and 3 are closest to the predictions for Q TED , whereas Design 4 is closer to the predictions for Q air . Design 2 is somewhat in between, indicating some mixture of damping from air and TED. Comparisons between Designs 1 and 3 suggest that although both designs are TED limited, they show different temperature dependences of the quality factor. Design 1 had larger f T (∼2.3 MHz) than f M (∼1.3 MHz) at room temperature. Thus, with an increased temperature, f T (∼1.5 MHz at 125
• C) decreased toward f M , and the quality factor rapidly dropped. At the same time, in the case of Design 3, considering that the room temperature f T (∼1.0 MHz) was smaller than f M , f T moves away (∼0.7 MHz at 125
• C), and the quality factor decreases more slowly.
V. DISCUSSION
The result from this experiment shows that the quality factor can be a strong function of temperature and that the temperature dependence varies among designs. This shows that it is possible to design resonators in the TED limit, which have quality factors that are either more or less dependent on the temperature, by selecting the position of the thermal and mechanical relaxation times of the resonators. The models and the measurements are well agreed so that it is possible to predictively design resonators with chosen values of TCQ in the range of 0.5-4. Fig. 10 shows how TCQ can be tuned with varying beam thicknesses and mechanical resonant frequencies when TED is the dominant energy loss mechanism. From this curve, one can pick any point for desirable mechanical resonant frequency, quality factor, and temperature dependence of the quality factor.
VI. APPLICATION
The experimental results in the previous section demonstrated that the temperature dependence of the quality factor can be engineered within a wide range of values while maintaining adequate quality factor values. One application for this feature is using the quality factor as a thermometer for temperature compensation or temperature control of the resonator itself.
A. Using Quality Factor as a Thermometer for Temperature Control
Many resonator applications, including mass sensors, frequency references, or accelerometers [1] , [41] , [42] , are sensitive to temperature-induced frequency shifts which can introduce error into their output frequencies. The resonant frequency of silicon resonators has a large inherent sensitivity to temperature, which is approximately −30 ppm/
• C [43] . Thus, some form of temperature compensation or control is required for many practical applications. In order to achieve high levels of stability in a device with a large sensitivity to temperature, very precise temperature sensing is required. For precision silicon devices, this means a millidegree resolution. Many types of temperature compensation schemes have been reported [3] , [4] , [44] ; however, their effectiveness is typically limited by the accuracy of the temperature sensor. For example, it is possible to use a commercially available external temperature sensor, such as a thermistor or platinum RTD; however, this eliminates the one big advantage of Fig. 8 . Plot of the quality factor with respect to pressure. Q air can be estimated from the quality factor measured in the pressure-limited regime (at higher pressure) of this plot, as shown in the schematic of the top right corner. Fig. 9 . Log plot of the quality factor with respect to temperature for all the 15 resonators used. The slope of Q versus 1/T line (TCQ) indicates the dominant energy loss mechanism for the specific resonators. The dominant energy loss mechanism is indicated by the closest match of TCQ value to the theoretical predictions as shown in Table III. MEMS resonators, i.e., their small size. In addition, the time delay between the sensor response and the temperature of the resonator itself or the power-induced temperature gradients can lead to significant errors. Doped silicon thermistors could be integrated with a silicon MEMS device; however, they do not provide enough resolution for precise temperature control [45] , and their power dissipation can cause other problems. Given these constraints, the use of the quality factor as a temperature sensor seems almost ideal. The Q-based thermometer does not require any additional structures or power dissipation, and it directly indicates the temperature of the resonator itself. In addition, as discussed earlier, the temperature dependence of the quality factor can be engineered to have a useful large or small value, depending on the application requirements. In general, the direct measurement of the quality factor by the usual methods (3-dB bandwidth or ringdown) can involve significant errors and complicated and bulky instrumentation. However, the quality factor of a resonator operating in an oscillator defines the amplitude of the resonator vibration. Thus, monitoring the resonant vibration amplitude is a good alternative way of measuring the quality factor and, therefore, the temperature of the resonator.
B. Experimental Setup for Q-Based Temperature Control of a Resonator
To demonstrate the use of the quality factor as a thermometer for resonator temperature control, a Design 1b resonator with TCQ ∼2.9 was used. This resonator shows about 1% quality factor change for about 1
• C of temperature change (Fig. 11) , and the resonator has resistors embedded in its anchor, which can be used to heat the resonator. A computer-based temperature control and resonator measurement system was configured as shown in Fig. 12 . The resonator was installed in a Thermotron S1.2 temperature chamber. The output of the resonator was connected to a network analyzer, which is HewlettPackard 89410A, to measure resonant frequency, quality factor, and the amplitude of the resonator. The uncertainty in the amplitude measurement was ∼0.008 dB, and the sensitivity of the amplitude output to temperature was −0.07 dB/
• C; thus, the resulting temperature resolution was estimated to be 0.11
• C. A computer-based feedback loop was configured to maintain the quality factor of the resonator at a constant set point by adjusting the voltage applied to the heating resistor.
C. Results
First, the amplitude of the resonator oscillation signal was measured in a temperature sweep between 0
• C and 70
• C without any temperature control. Fig. 11 shows the peak amplitude as a function of the temperature after conversion to a voltage Fig. 10 . Tool diagram for designing MEMS resonators. By scaling the width and length of the beam, the resonant frequency, the quality factor, and the TCQ can be engineered at the same time. Fig. 11 . Characteristics of the resonator used in the temperature control demonstration. The resonator was measured at 10 • C intervals, and its amplitude response is shown. The quality factor and peak amplitude values are also shown. Both the quality factor and the peak amplitude clearly reflect the resonator temperature.
signal by a transimpedance amplifier, which is LF356 [46], with a gain of 10 000. As shown in the figure, the peak amplitude is a strong function of the temperature. Then, the software controller was activated to maintain the resonator temperature at a constant value by monitoring the value of the peak amplitude. A peak amplitude set point was chosen, which represented a resonator temperature of approximately 75
• C. The temperature in the temperature chamber was then swept from 0
• C to 70 • C. Given the estimated temperature resolution of the amplitude measurement (0.11
• C) and the approximate frequency sensitivity of the resonator (30 ppm/
• C), the resonant frequency of the temperature-controlled resonator was expected to show a variation of 3.4 ppm. Fig. 13 shows the frequency output of the temperature-controlled resonator. The frequency variation was maintained at less than 4 ppm, which is in agreement with expectations for this experiment. This temperature-controlled resonator provides frequency stability over the 0
• C-70 • C range, which is almost a 500 times improvement compared with uncompensated silicon MEMS resonators.
These preliminary results show that the use of a resonator quality factor temperature sensitivity has a great potential for temperature compensation applications for ultrastable MEMS resonators. Fig. 14 shows one example of an oscillator circuit diagram using the Q-based temperature-controlled resonators. By placing the resonator in a zero-degree phase shift positive feedback loop consisting of a transimpedance amplifier and a clamping amplifier, the circuit oscillates at the resonant frequency of the resonator. The power to the heating resistor Fig. 13 . Preliminary result of the temperature compensated resonator's frequency using the quality factor as a thermometer. The resonant frequency was maintained with less than 4-ppm variation in the 0 • C-70 • C temperature range.
Fig. 14. Example oscillator circuit diagram using Q-based temperaturecontrolled MEMS resonator. By placing the resonator in a zero-degree phase shift positive feedback loop consisting of a transimpedance amplifier and a clamping amplifier, it oscillates at the resonant frequency of the resonator. The power to the heating resistor is controlled by a controller to maintain the constant amplitude of the output of the transimpedance amplifier, through which the temperature of the resonator is maintained constant. Details of this concept are further discussed in [47] .
is controlled by a controller to maintain a constant amplitude of the output of the transimpedance amplifier, through which the temperature of the resonator is maintained constant [47] . However, for a practical application, some improvement in the circuits or the feedback loop is required. For example, the temperature dependence of the transimpedance amplifier or gain is one important feature to overcome for real applications. With further improvements, extremely high performance of sub-ppm resonant frequency variations over this same range is expected.
VII. CONCLUSION
The temperature dependence of the quality factor in MEMS resonators was investigated. Each energy loss mechanism has a different temperature dependence; however, the temperature dependence of the total quality factor is primarily determined by a dominant energy loss mechanism (smallest quality factor), which is in the case where multiple energy loss mechanisms exist. Considering that the limitation of the quality factor by TED is highly dependent on the beam geometry and temperature dependence of material parameters, the possibility of optimized design exists, wherein the quality factor TCQ and the resonant frequency can all be simultaneously optimized. TCQ values as high as 1% per degree of temperature change were shown. This strong temperature dependence makes it possible to use the quality factor as a sensitive intrinsic thermometer. A preliminary demonstration of temperature control shows that MEMS resonators can have a frequency stability that is less than 4 ppm, using the quality factor as a thermometer. Therefore, Q(T ) is potentially a very useful absolute thermometer for temperature compensation and control of MEMS resonators. During 1996-1997, he was with LML Ltd., India, as an Engineer. From 1997 to 2004, he was with the Bhabha Atomic Research Centre as a Scientific Officer, working on the design and development of mechanical systems for harsh environments. His current research is focused on the design and optimization of micro-oven-based MEMS resonators for low-power and hightemperature stability.
Mr. Jha is a Student Member of the American Society of Mechanical Engineers.
